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Abstract
The mechanism of converting an electrochemical gradient of protons or Na ions across the membrane into rotational
torque by the Fo motor of the ATP synthase has been described by a two-channel model or by a one-channel model.
Experimental evidence obtained with the Fo motor from the Propionigenium modestum ATP synthase is described which is in
accordance with the one-channel model, but not with the two-channel model. This evidence includes the ATP-dependent
occlusion of one 22Na per ATP synthase with a mutated Na-impermeable a subunit or the Nain/
22Naout exchange which is
not affected by modifying part of the c subunit sites with dicyclohexylcarbodiimide. ß 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction
ATP is the universal energy currency of living cells
and the majority of it is synthesized from ADP and
inorganic phosphate by the ATP synthase, also
called F1Fo ATP synthase or F1Fo ATPase. This
enzyme is a remarkable molecular machine, in which
the mechanical rotation of the rotor subunits versus
the stator subunits is crucial for the catalysis (for
recent reviews see [2,4,5,7,21]). This rotation is driven
by the electrochemical gradient of protons or Na
ions across the membrane and utilized to liberate
prefabricated, but tightly-bound ATP from catalytic
sites. The ATP synthase has a bipartite structure: the
F1 headpiece protrudes into the cytoplasm of a bac-
terial cell and harbors the catalytic sites for ATP
synthesis or hydrolysis. The membrane integral Fo
moiety is designed to transform the energy stored
in an electrochemical gradient of protons or Na
ions across the membrane into mechanical rotation.
A cartoon of the structure and function of the ATP
synthase, exempli¢ed for the Na-translocating en-
zyme from Propionigenium modestum, is shown in
Fig. 1. The F1 domain universally consists of ¢ve
di¡erent subunits in an K3L3QNO arrangement. The
Fo domain of P. modestum is a complex of three
subunits with the stoichiometry ab2c9ÿ12. The struc-
ture of the majority of F1 has been solved by X-ray
crystallography to atomic resolution [1]. The struc-
ture provided the basis to design experiments for the
rotation of the Q subunit within the cylinder of the
K3L3 hexamer and this rotation has been most ele-
gantly demonstrated by direct visualization with an
attached actin ¢lament [23]. More recently, the X-ray
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structure of F1 from yeast with an attached c oligo-
mer has been solved [28]. This structure shows un-
equivocally that the c oligomer forms a ring (c10) that
is intimately contacted by the Q and O subunits.
Hence, the c-ring, like the Q and O subunits, is part
of the rotor and the remaining subunits (ab2K3L3N)
form the stator. Direct visualization of c subunit ro-
tation with an attached actin ¢lament has been re-
ported recently [25], but the validity of this experi-
ment has been challenged [30]. One of the most
interesting questions regarding the ATP synthase
mechanism is how an electrochemical ion gradient
is used to induce rotational torque. Here, we present
a molecular model (one-channel model) [6], which is
based on a great body of experimental data, how this
may be accomplished. We will also discuss the alter-
native two-channel model [11] which, curiously
enough, is the most frequently cited model in the
literature, although it is not supported by experimen-
tal data.
Fig. 1. Cartoon showing structure and function of the ATP synthase from Propionigenium modestum. The water-soluble F1 domain
contains the catalytic nucleotide-binding sites of the three L subunits. It is connected via Q and O subunits with the c-ring (c9ÿ12) of
the Fo domain and via N and b2 subunits with subunit a of the Fo domain. The rotor (green) consists of subunits c9ÿ12 QO and the sta-
tor (blue) consists of subunits ab2K3L3N. The path of Na during ATP synthesis is from the periplasm through the a subunit channel
onto an empty c subunit site at the rotor/stator interface. After turning the rotor site out of the interface with the stator, the Na dis-
sociates into the cytoplasm. The positive stator charge (aR227, red), which electrostatically attracts empty, negatively charged rotor
sites (cE65, dark blue) is indicated.
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2. The one-channel model for torque generation by Fo
of P. modestum
Fig. 2 shows a model of the P. modestum Fo motor
that takes all experimental results obtained with this
enzyme into account [6]. The counter-rotating assem-
blies of the Fo motor consist of the rotor comprising
the c-ring (c9ÿ12) and the stator, comprising subunit
a. The rotor contains the Na binding sites, consist-
ing of the triad Q32, E65, S66 [16] near the cytoplas-
mic surface of the membrane and is symmetrical. The
asymmetry in the rotor/stator assembly that is re-
quired for a directed rotation is therefore a property
of the stator subunit a. To prevent ion leakage be-
tween the reservoirs, the entire rotor/stator interface
is hydrophobic except for two regions: (1) an ion-
selective blind channel within the stator that leads
from the periplasm to the level of the rotor sites;
Fig. 2. One-channel model for torque generation by the Fo motor from Propionigenium modestum. (A) The rotor contains 9^12 Na
binding sites near the cytoplasmic membrane surface. The stator contains an aqueous channel that conducts ions from the periplasmic
reservoir to the level of the rotor sites. This channel is laterally connected with the cytoplasm by a hydrophilic strip. The positive sta-
tor charge (R227) prevents leakage of ions along this strip to the cytoplasm. (B) Face-on view of the rotor/stator assembly. Rotation
during ATP synthesis is to the left. The stator channel admits Na from the periplasm, but these ions can only exit to the cytoplasm
by boarding a rotor site and passing through the dielectric barrier forming the left wall of the channel. (C) Typical sequence of events
that advances the rotor by one step. In position 1, the third rotor site from the left has been captured by the stator charge. 1C2: the
rotor site can escape from the potential well by thermal £uctuations, and the membrane potential biases its thermal escape to the left.
However, it cannot pass the hydrophobic barrier that forms the left edge of the channel. 2C3: once the site has moved out of the
potential well towards the channel, it picks up one Na, which prevents its backwards attraction by the stator charge. 3C4: neutral-
ized, the site no longer sees the hydrophobic barrier and can di¡use to the left. Its motion is aided by the capture of the next rotor
site by the stator charge, which pulls the rotor to the left. 4C5: emerging from the hydrophobic stator interface, the rotor gives up
its ion to the cytoplasm. Now charged, it cannot di¡use backwards across the hydrophobic barrier, so the thermal motion to the left
is ratcheted.
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and (2) a hydrophilic strip that connects the channel
laterally with the cytoplasmic reservoir. This hydro-
philic strip permits charged (unoccupied) rotor sites
to enter the rotor/stator interface from the right and
to pass as far to the left as the edge of the stator
channel. The universally conserved positive stator
charge (aR227 of P. modestum) has been placed close
to this strip to prevent ions from leaking through this
route to the cytoplasm and to attract unoccupied
negatively charged rotor sites when they enter the
rotor/stator interface. Entering rotor sites are likely
to be empty because they are in equilibrium with the
cytoplasmic reservoir in which the sodium ion con-
centration is low. Furthermore, the positive stator
charge will reduce the binding a⁄nity of an ap-
proaching occupied site causing it to give up its so-
dium ion to the cytoplasmic reservoir. On the left
side of the stator channel, the rotor/stator interface
is hydrophobic which causes important restrictions
to the rotor di¡usion. Charged empty rotor sites at-
tempting to move from the channel into this area of
low dielectric are repelled. However, after binding an
Na from the channel, the electrostatic ¢eld of the
site is reduced to a dipole facing only a small electro-
static barrier when leaving the channel to the left.
After exiting the stator through this hydrophobic
area, the rotor site discharges its ion to the cyto-
plasm. The isolated negative charge thus generated
prevents the site from moving backwards into the
rotor/stator interface and therefore the progression
of the rotor is ratcheted. Hence, the £ux of ions is
from the periplasm through the stator channel onto
an empty rotor site, and from there to the cytoplasm
after the rotor has turned.
The generation of torque by the motor is the result
of several electrostatic rotor/stator interactions. Due
to the random Brownian motion, progression of the
rotor is stochastic, but the electrostatic forces bias its
di¡usion to the left. A typical sequence of events is
shown in Fig. 2C. First, the stator charge (aR227)
attracts any nearby empty rotor site (cE65) and
keeps it in the potential well. The captured site can
escape by thermal £uctuations but, without the mem-
brane potential, it is as likely to escape to the right as
to the left. If the channel is aqueous, the bulk of the
potential drop will be across the hydrophilic strip. A
membrane potential (positive at the periplasmic
side), therefore, biases the thermal escape of a rotor
site from its potential well to the left. Once in contact
with the channel, the site will quickly pick up an ion
which reduces its electrostatic ¢eld to that of a di-
pole. This prevents it from being attracted back-
wards by the stator charge and enables it to pass
easily through the hydrophobic barrier, when the
next site di¡uses into the stator and is captured by
the stator charge. When the site emerges from the
stator, it quickly loses its ion to the cytoplasm.
With its negative charge, the site now encounters
the dielectric barrier of the stator and cannot dif-
fuse back to the right. Hence, the membrane poten-
tial plays the pivotal role in the biased di¡usion
of the rotor to the left and is therefore essential
for the generation of rotary torque. Solution of
model equations describing the motor’s perfor-
mance have shown that the biased di¡usion of the
rotor described above generates su⁄cient torque
for ATP synthesis and that almost all the torque
is due to the membrane potential [6]. Moreover,
when operating in reverse by a torque generated by
ATP hydrolysis, the motor performs well as an ion
pump.
3. Observations in accordance with the model
3.1. Subunits a and c operate together in the ion
translocation mechanism
It is well established that the Fo part consisting of
subunits a, b and c performs translocation of the
coupling ions across the membrane, whereas single
a, b or c subunits or combinations of only two of
them are unable to do so [27]. The structure of F1
from yeast with the c-ring attached to the rotor sub-
units Q and O [28] strongly indicates that the c-ring
and the Q and O subunits rotate as a unit. Direct
visualization of c-ring rotation has been reported
[25]. Evidence indicates that the a subunit and the
b dimer are located peripheral to the c-ring [3,26,29].
Cross-linking studies have shown close physical con-
tact of the C-terminal helix of subunit c with the
penultimate helix of subunit a [10] and a variety of
mutants in subunits a or c of E. coli had severe
e¡ects on H translocation. Conclusive results for
the participation of subunits a and c in the ion trans-
location mechanism were obtained with the P. mod-
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estum ATP synthase. It was shown that subunit c
contains a Na binding site consisting of the triad
Q32, E65 and S66 [16]. In a cQ32I mutant, Na
binding as well as Na transport are abolished, but
Li binding and transport are retained because Li
requires only E65 and S66 as ligands [16]. An a sub-
unit triple mutation (K220R, V264E, I278N) likewise
resulted in the loss of Na transport with retention
of the Li transport activities [14]. From these bio-
chemical data and from the structural arrangement
of the Fo subunits, it is almost mandatory to postu-
late a rotation of the c-ring versus subunit a in order
to accommodate ion translocation across the mem-
brane.
3.2. The Na+ binding sites of several c subunits of the
ring are directly accessible from the aqueous
phase
ATP hydrolysis by the P. modestum ATPase is
Na-dependent [20], and Na activation pro¢les
are sigmoidal with a Hill coe⁄cient of 2.6 [19].
Hence, several sites of the ATPase are in dissociation
equilibrium with the external Na concentration,
and maximal activity requires the binding of Na
to at least three of these sites at the same time.
The E65 residues of several c subunits of the oligo-
mer are speci¢cally modi¢ed by dicyclohexylcarbo-
diimide (DCCD), and Na ions provide complete
protection from this modi¢cation reaction [19].
Hence, Na must have free access to several of the
c subunit sites simultaneously. These observations
are in accordance with the one-channel model
(Figs. 1 and 2), but are in con£ict with the two-chan-
nel model (see below, Fig. 3).
NMR structure analysis of P. modestum subunit c
in dodecylsulfate micelles revealed four clearly de-
¢ned K-helical domains which are connected by in-
tervening peptides of no de¢ned secondary structure
[22]. The N-terminal helix (I) of 24 residues and the
C-terminal helix (IV) of 18^20 residues are the most
stable ones and have been proposed to span the
membrane, while helices II (13 residues) and III (15
residues) are believed to extend into the cytoplasm.
This places the Na binding site residues within the
helix ICII and IIICIV connections close to the
membrane boundary, where direct access of the cou-
pling ions is feasible. The structure of monomeric
subunit c from E. coli has been investigated by
NMR in chloroform/methanol/H2O (4:4:1) [8].
Under these conditions, the protein packs into anti-
parallel K-helices of 30^40 amino acids connected by
a short hydrophilic loop. Upon modeling this struc-
ture into the membrane, the H-binding D61 residue
was placed into the center of the bilayer so that
direct access of the coupling ions is not feasible.
However, it was shown recently with monoclonal
antibodies that at least the region from cL31 to
Q42 (E. coli numbering) is accessible from the cyto-
plasm [2]. In addition, cross linking between subunits
a and c clearly demonstrate that the C-terminal helix
of subunit c starts near residue 54 [10]. This means
that the water-accessible region comprises at least
Fig. 3. The two-channel model of the Fo motor modi¢ed from
that presented by Junge et al. [11]. Rotation of the c oligomer
in the direction indicated is proposed to be driven by the bind-
ing of protons to the c subunit binding sites via a periplasmic
inlet channel at the bottom of the structure. The protonated ro-
tor site (black circle) then moves from the stator interface
through the lipid phase of the membrane until it reaches an
outlet channel on the a subunit with access to the cytoplasm.
Here, the proton dissociates from the rotor site and is released
into the cytoplasmic reservoir. Please note that the direction of
rotation is driven by the pH gradient and that rotor sites not
in contact with one of the two channels are occluded.
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residues cL31^F53. The critical D61 residue is there-
fore located more closely to the membrane surface
where it could have direct access to the coupling
protons.
3.3. The stoichiometry of 22Na+ occlusion is consistent
with the one-channel model
The ATPase with the a subunit triple mutation
(K220R, V264E, I278N) was unable to translocate
Na ions [14]. Furthermore, ATP hydrolysis was in-
hibited by Na, while this activity is activated in the
wild-type enzyme. As the Na binding sites on the c
subunits remained intact, the most reasonable ex-
planation for the new phenotype was a defect in
the a subunit channel in its Na translocation activ-
ity. In the wild-type, an Na-boarded rotor site
would be rotated by ATP hydrolysis into the vicinity
of this channel where the Na ion would dissociate
and leave the enzyme through the channel before
ATP-driven rotation could continue. In the mutant,
however, the Na could not leave the enzyme
through the channel, but would be trapped at the
position of the channel and ATP-driven rotation
would stop. This hypothesis was proven experimen-
tally by the occlusion of one 22Na per mutant ATP-
ase [17]. Occlusion was strictly dependent on ATP
addition which could not be replaced by ADP or
the non-hydrolyzable analogue AMP-PNP and was
not observed with the wild-type enzyme. These re-
sults show that all Na ions bound to c subunit sites
except at the a subunit interface are freely accessible
from the aqueous phase. This is in accordance with
the one-channel model, but not with the two-channel
model. The validity of the one-channel model was
strengthened by 22Na occlusion experiments per-
formed with the mutant enzyme after partial modi¢-
cation of rotor sites with DCCD [13]. In this case,
the occlusion of 22Na was dependent on the se-
quence of additions. One 22Na per mutant enzyme
was occluded if 22Na was added ¢rst and ATP sec-
ond, but on reversing this sequence of additions
22Na was not trapped within the enzyme. These
results show that 22Na has free access to sites be-
tween the DCCD-modi¢ed site and the stator. When
22Na binds to such a site and ATP-driven rotation
moves the 22Na-bound site into the interface with
the stator it becomes trapped within the enzyme.
However, if ATP-driven rotation has moved H-oc-
cupied rotor sites through the stator until a DCCD-
modi¢ed rotor site strikes against it and prevents
further rotation, 22Na can no longer reach the site
at the rotor/stator interface and is therefore not oc-
cluded.
If the two-channel model was valid, 22Na had to
enter a rotor site through one stator half channel and
would leave the enzyme through the other stator half
channel after the rotor has performed almost a com-
plete revolution. In the mutant with the Na-imper-
meable release channel, ATP-driven rotation would
stop if a 22Na-boarded rotor site has reached the
interface to this channel. This would imply, however,
that all rotor sites in between the release channel and
the access channel should be occupied with 22Na,
i.e. the stoichiometry of 22Na trapped per ATPase
would not be 1, but more likely close to 10. It is also
clear that in the DCCD-modi¢ed enzyme, a 22Na-
boarded rotor site would never reach the interface to
the stator channel if 22Na had to enter through the
access half channel of the a subunit. Hence, one
would expect that the rotor is locked if the DCCD-
modi¢ed rotor subunit strikes against the stator. Un-
til this happens, several 22Na ions would have
boarded on rotor sites through the access channel
and should become trapped in the enzyme, and this
trapping should occur equally well with the wild-type
enzyme or that with the stator triple mutation. An
occlusion of 22Na by the wild-type enzyme, how-
ever, has never been observed.
3.4. Na+in/22Na
+
out exchange is not compatible with the
two-channel model
Without an external driving force, the Fo motor is
in its idling mode, where the rotor performs Brow-
nian back and forth rotations against the stator with-
in a narrow angle. This idling is characterized by an
exchange of Na ions between the two compart-
ments of a proteoliposome [13] separated by the
membrane. The Nain/
22Naout exchange velocity is
comparable to that of ATP-driven Na transport
and hence, idling appears to be a highly signi¢cant
option of the motor. Nain/
22Naout exchange is fully
compatible with the one-channel model, but could
hardly occur if the two-channel model is valid. In
the ¢rst case, rotation of the rotor against the stator
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within a narrow angle su⁄ces to account for the
alkali ion exchange observed. A rotor site could
pick up a 22Na from the outside through the stator
channel and deliver it to the inside after only minor
rotation out of the rotor/stator interface. Upon ro-
tating backwards, an unlabelled Na ion would be
delivered from the inside to the outside and so forth.
According to the two-channel model, a 22Na ion
picked up by a rotor site through one half channel
has to rotate for almost a complete revolution to
reach the oppositely oriented half channel in order
to release the ion to the other side of the membrane.
It is clear that this type of £exibility is not compat-
ible with the enzyme’s function. Rotation of the Q
subunit is tightly linked to conformational changes
of the L subunits associated with the hydrolysis or
synthesis of ATP [1] and hence, almost complete rev-
olutions of the rotor against the stator during idling
would be prevented by the constraints inherent with-
in the F1 headpiece. Furthermore, Nain/
22Naout ex-
change was not signi¢cantly a¡ected by modifying
part of the rotor sites with DCCD [13]. This result
is in complete harmony with the one-channel model,
but cannot be explained with the two-channel model.
If this model was valid, a Na picked up by one half
channel would be unable to reach the second half
channel because the rotation would stop when the
DCCD-modi¢ed rotor site reaches the interface to
the stator.
4. The membrane potential is indispensable for the
generation of torque by the Fo motor and hence, for
the synthesis of ATP
It has been shown that the idling mode of the
motor persists in the presence of large Na concen-
tration gradients and therefore, a vpNa alone is
unable to switch the motor from its idling into a
torque-generating operation mode [13]. Voltage,
however induces the switch, as indicated by the im-
mediate termination of the Nain/
22Naout exchange.
These results are in complete harmony with observa-
tions made with the isolated Fo motor [18]. When
reconstituted into proteoliposomes, this enzyme moi-
ety catalyzed Nain/
22Naout exchange, but no unidi-
rected 22Na £ux even after applying large 22Na
concentration gradients. The switch to unidirectional
22Na movement was accomplished by applying vi.
22Na movement was into the direction of the neg-
atively charged surface and the velocity of this trans-
port increased with the size of the potential applied.
Very little 22Na uptake was observed at vi=340
mV or below, half maximal velocity was obtained at
370 mV, and above 3100 mV, the enzyme operated
at its maximal rate [18].
These relationships between the membrane poten-
tial and the velocity of unidirectional Na transloca-
tion suggested that the rate of ATP synthesis was
also critically dependent on the vi applied. Evidence
indicated that this was indeed the case. No ATP syn-
thesis was observed with the reconstituted ATP syn-
thases of P. modestum, E. coli or chloroplasts if only
vpNa or vpH were applied as driving force [15]. In
the presence of a membrane potential, however, all
three enzymes performed well as ATP synthases.
Half maximal activities for the P. modestum and E.
coli ATP synthases were obtained at vi= 70 mV and
half maximal activation of the chloroplast ATP syn-
thase was at vi= 30 mV. The comparatively low
potential that is needed for the activation of the chlo-
roplast enzyme may be an adaptation of this ATP
synthase to the low vi present in a chloroplast under
steady-state conditions. The synthesis of ATP by the
chloroplast enzyme with vpH only, as frequently
cited in the literature [9,24], could not be con¢rmed.
Instead, it was shown that the so-called ‘succinate
bath procedure’ that has been used consistently in
ATP synthesis experiments not only generates the
desired vpH, but also a vi of appreciable size (ap-
proximately 140 mV immediately after the acid/base
transition) [15]. Hence, ATP synthesis by F-type
ATP synthases appears to be dependent on the mem-
brane potential and will not occur at any reasonable
rate in its absence. This kinetic e¡ect of the mem-
brane potential on ATP synthesis has of course to be
well separated from thermodynamic considerations,
where vpH (vpNa) and vi are equivalent driving
forces.
5. The two-channel model
The two-channel model of the Fo motor [11] (Fig.
3) is based on an occluded position of the H bind-
ing sites on the rotor deeply embedded within the
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lipid bilayer [7,8]. In order to reach these sites and to
combine H movement across the membrane with
rotation, one had to postulate two half channels
within subunit a by which the protons on the rotor
sites can communicate with the two di¡erent reser-
voirs separated by the membrane. This mechanism
further implies that protons enter the half channel
in contact with the reservoir of low pH and bind
to the contacting rotor site (cE61 in E. coli). In the
H-bound state, these sites rotate through the bilayer
for almost a complete revolution until they reach the
oppositely oriented release half channel of the a sub-
unit. Here, they dissociate from the contacting rotor
site and di¡use into the reservoir with high pH. We
have shown above that several observations made
with the Fo motor from P. modestum are not com-
patible with this model. Therefore, either the two-
channel model is incorrect or we have to consider
the possibility that the ATP synthases of P. modes-
tum and E. coli are so closely related that domains of
these enzymes can be combined into functional hy-
brids [12], yet have di¡erent structures and mecha-
nisms of operation within their Fo motors. In addi-
tion to the discrepancies of the two-channel model
with the experimental data on Fo from P. modestum,
it is di⁄cult to explain how the two-channel motor
would operate in reverse, i.e. why should it release
the proton into the reservoir of high pH and not
keep it bound all the time on the rotor sites. Also,
the motor should perform well with a pH gradient
and the crucial role of the membrane potential for
ATP synthesis at physiological rates cannot be ex-
plained.
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